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This thesis presents two unique micro-motion parallel kinematic manipulators (PKM):  
a three degrees of freedom (3-DOF) micro-motion manipulator and a 3-DOF micro-motion 
manipulator with actuation redundancy. The 3-DOF micro-motion manipulator has three 
linear-motion driving units, and the 3-DOF micro-motion manipulator with redundancy has 
four of these units.  
For both designs, the linear motion driving units are identical, and both machines 
have a passive link in the center of the structure. The purpose of this passive link is to 
restrain the movement of the manipulator and to improve the stiffness of the structure. As a 
result, both structures support 3-DOF, including one translation on the Z-axis and two 
rotations around the X and Y axes. The manipulator with redundancy is designed to prevent 
singularity and to improve stiffness.  
In this thesis, the inverse kinematic, Jacobian matrix and stiffness analyses have been 
conducted, followed by the design optimization for structures. Finally, the FEA (Finite 
Element Analysis) and dynamic analysis have also been performed. 
There are many practical applications for micro-motion parallel manipulators. The 
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1.1 Literature review 
There is an abundance of research on the Parallel Kinematic Manipulator (PKM), 
most of which examines either the Micro Machine or Micro Motion Structures [1, 2].  
Recently, there has been an increasing trend in the research of micro machines, as 
industries want to make current machines smaller, more energy-efficient and precise. For 
instance, Liu [3] has developed an intelligent micromanipulator based on 3-PRS in parallel 
mechanisms. Moreover, Harashima [4] has introduced a new type  of integrated micro-
motion systems Bang [5] designed a micro parts assembly system with a micro gripper, and 
Zubir [6] expanded on this research to present a newly developed high-precision micro 
gripper. Finally, Gilsinn [7] focused on a macro-micro motion system for a scanning, 
tunneling microscope.  
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There are many benefits of micro machines, especially in comparison to regular 
machines. For instance, they are relatively small, they have a higher precision and they 
consume much less energy than a regular machine. These characteristics make micro 
machines popular in the fields of information and telecommunications, medicine, 
biotechnology, and the automotive industry. Specifically, micro machines are regarded as a 
vital component for strengthening international competition in major areas of the 
manufacturing industry [8]. Applications related to these machines are expected to be in high 
demand by many companies in the near future. [9].  
The application of the micro machine tool, especially with its high degrees of 
precision and speed, provides significant benefits for the manufacturer. Specifically, it can 
help to increase the accuracy and precision in production, and the recent trends towards high-
speed micro machining have been a very popular field of research in developing new types of 
parallel kinematics machines [10]. 
Three Degrees of Freedom (DOF) is the basic requirement for the parallel kinematics 
machines. Since most machine operations only require a maximum of 5 axes, new 
configurations with less than six parallel axes would be appropriate for these operations [11]. 
A substantial amount of research has been conducted on the 3-DOF parallel kinematics 
manipulator.  For example, Clavel [12] and Sternheim [13] reported a 3-DOF high-speed 
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robot known as the Delta Robot, while Lee and Shah [14] analyzed a 3-DOF parallel 
manipulator. Some 3-DOF parallel manipulator architectures provide a pure relative rotation 
of the moving platform and are used as point devices, manipulator wrists and orienting 
devices [15, 16]. Tsai [17, 18] introduced a novel 3-DOF translation moving platform, which 
is comprised of only revolute joints and performs pure translational motion. To improve the 
stiffness of the 3-DOF PKM, Zhang [19, 20] proposed a passive link structure, which 
increases the stiffness of the system.  These research discoveries provide the foundations for 
the 3-DOF PKM. 
The 3-DOF Micro-Motion Parallel Manipulator can be applied to precision 
manufacturing and assembly for small parts ranging in size from millimeters to micrometers. 
Micro Machine Tools are in demand worldwide, and their popularity will also turn Micro 
Motion Mechanisms into machines that can perform small motions and have very high 
accuracy.  In the subsequent sections, serial and parallel kinematic manipulators will be 
introduced, then micro motion structures will be discussed, and finally, the new design of 





1.1.1 Serial Robotic Machine Tool 
A serial robot is a serial mechanism with an open kinematic chain that is connected at 
its base and its end effectors [21]. The first robotics patents were applied for by an American 
inventor, George Charles Devol Jr., in 1954, and subsequently, they were granted in 1961. 
However, robotics was not widely used in the industry until the early 1970’s, when robots 
were utilized to replace human workers in monotonous and hazardous work environments by 
companies such as General Electric and General Motors. Today, serial mechanisms are 
extensively used in a wide variety of industrial areas. Some typical robotic applications 
include welding, painting, assembly, pick and place, packaging, product inspecting, and 
testing. There are many advantages to using robots, including a very large working area in 
comparison to the size of the mechanism itself, and the relative ease of analyzing their 
structure and range of motion.  
Most conventional machine tools are designed based on the serial structure. However, 
the existence of an open kinematic chain creates a number of disadvantages. First, it is 
difficult to achieve a high degree of accuracy, since the system accumulates the individual 
errors of sequentially linked components. Secondly, the cost of energy is expensive, since 
heavy actuators, which drive the moving components directly or through a transmission 
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device, need to be installed on each component.  Finally, their machining speed is limited, 
since the system stiffness or rigidity is relatively low, causing the occurrence of vibration and 
instability, thus resulting in lower efficiency and accuracy. Therefore, open kinematic chains 
diminish the acceleration and speed, decrease the dynamic performance, and limit the system 
stiffness at the end effector. As well, the load, forces, and weight of the upper axis must be 
supported by the lower axis, which results in the poor dynamic behaviors of the lower axis 
[22]. Overall, the limited performance of serial mechanisms demonstrates that they are 
unsuitable for use as a precision micro motion manipulator. 
The following illustrations compare the typical applications of a serial robot and a 
conventional machine tool. 
 
      
igure 1.1: Serial Robot and Conventional Machine Tool 
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1.1.2 Parallel Robotic Machine Tool 
A parallel kinematic manipulator (PKM) is a closed-loop mechanism, where a 
moving platform is connected to the base by at least two serial kinematic chains, or legs [21]. 
The PKM has enormous potential for overcoming the disadvantages of serial robots. First, 
this device is more accurate, since its moving components are more strongly related and the 
link errors are not accumulated. Furthermore, it is much more rigid than a serial robot, as the 
same end-effectors are simultaneously supported by at least two kinematic chains.  Lastly, it 
has a much lighter moving mass, as all of the actuators are mounted on the base, allowing it 
to function at a higher speed and with greater precision. 
The first conventional Stewart Platform (SP) kinematic manipulator was designed by 
Gough [19]; it has six extensible legs and hence a very rigid kinematic structure. This system 
consists of six linear actuators independently driven by six stepper motors. It can perform 
translational movements and be implemented in precision engineering applications. In 
comparison to the serial kinematic manipulator (SKM), the parallel kinematic manipulator 
has the desirable characteristics of greater payload and rigidity, more precision, and higher 
speed and acceleration. On the other hand, the disadvantages of the PKM include a limited 
working envelope as well as more complex direct kinematics and control algorithms. 
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The parallel robot has the following advantages in comparison with the serial 
manipulator: 
 High accuracy due to  non-cumulative joint errors 
 High force/ torque capacity since the load is evenly distributed 
 Structural rigidity and  stiffness  
Therefore, parallel robots are suitable for applications in which high speed, high 




Figure 1.2: Exechon X700 Transparent (Courtesy of Exechon AB of Sweden ) 
This design, which consists of two active moving pods and one passive pod, is 




1.2 Parallel Robot Based Micro Motion Systems 
1.2.1 Introduction and Applications 
 Precise micro-motion manipulation has become increasingly important in many 
applications, such as small parts precision machining, chip assembly in the semiconductor 
industry, cell manipulation in biotechnology, and automatic surgery. The micro-motion 
system has been strongly recommended by researchers around the world, as it its materials 
are less expensive and it is more energy efficient, and thus, this system represents the current 
development direction in engineering. 
 At the same time, the advanced fabrication technique enables the miniaturization of 
existing parallel robotic systems, whose motion ranges can vary from a few millimeters to 
micrometers. The advantages of the micro-motion parallel kinematic manipulator can be 
summarized in the following points [23, 24]: 
 Lower Inertia 
 Improved Dynamic Behavior 
 High Speed and Acceleration 
 Smaller Package Size 
 Greater Stiffness 
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 Increased Repeatability and Reliability 
The following illustration shows an example of the parallel kinematics manipulator 
used in precision machining. This device is conventionally designed for specific functions, 
such as the fabrication of watch parts and engraving.  
 
 





1.2.2 Existing Micro Motion Systems 
As discussed in Section 1.2.1, there are many micro-motion structures that have been 
designed and analyzed by researchers. Based on their defining characteristics, these machines 
can be divided into two main types. The first type of micro-motion structure is a miniaturized 
device that is driven by tiny actuators. Overall, the mechanism is usually less than one cubic 
foot, and its motion range can vary from several micrometers to several centimeters.  
The second type of micro motion system is a nano-positional micro motion 
manipulator, also known as the piezoelectric (PZT). Generally, the actuation element of this 
motion system is integrated with the compliant micro-motion system, and it can achieve high 
degrees of stiffness and accuracy. However, according to their actuators, the motion ranges 
of this system are within 0 to 1000 µm [8]. Figure 1.4 demonstrates a conventional micro 













Figure 1.4: Hexapod Robots in Spinal Surgery (Courtesy of Mazor Surgical 
Technologies) 
This hexapod robot is 50mm, or 2 inches, in diameter and 80mm, or 3.15 inches, in 
height, with a weight of 250g, or 0.5 lb. According to a pre-operational plan, it is able to 
automatically position itself at an exact location, and it serves as a guiding tool for surgery, 
especially when the surgeon drills or performs an operation on a bone. This invention has 
been approved by the FDA (US Food and Drug Administration) and the CE (European 
Conformity). 
Another example of a micro-motion system is the Compliant Mechanism. “A 
compliant mechanism is a mechanism that is composed of at least one component that is 
sensibly deformable compared to the other rigid links. The compliant mechanisms, therefore, 
gain their mobility by transforming an input form of energy into output motion” [22]. Hence, 
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they are flexible mechanisms that transfer an input force or a displacement to another point 
through the elastic body deformation of their flexible joints. Piezoelectric actuators (PZT) are 
used in compliant machine structures for linear motion. They can develop a linear motion on 
driving element and flexure pivots, which can receive a resolution range of 10 pm (1
10  to 100 um [8]. There are many companies that are making the micro-motion 









Figure: 1.5 ALIO HR2 Hexapod (Courtesy of ALIO Industries) 
As shown above, the ALIO hexapod with a six nanometer resolution revolves around a 
virtual point in space and has a maximum speed of 250 mm/s. 
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Some applications have special requirements, such as limited space for installation 
and workspace requirements that are much larger than applications with a nano-scale 
structure. For instance, nano-lithography does not have the capability of developing a large 
work area. The newly developed designs intend to meet these two objectives, as this micro-
motion manipulator has been used successfully in areas such as jewelry engraving and micro-
precision machining for electronic circuits.   
The illustrations below, Figures 1.6 and 1.7, show the first three-DOF micro-motion 
parallel manipulator proposed in this thesis. 
 
 






Figure 1.7: The Dimensions of the Newly Designed Micro-Motion Parallel Manipulator 
 
MM ±25 MM assembly height at middle of z stroke range (z stroke = 50mm) 
 
This research examines the feasibility of two novel 3-DOF parallel manipulators used 
for machining applications. The unique design of these manipulators aims at achieving 
higher stiffness and greater 3-DOF motion by eliminating all side-effect motions. These 
manipulators consist of three or four identical legs with active actuators, or driving motors, 
which accomplish their movement through the motion of precision ball screws. Each of the 
actuated legs is connected to the moving platform by a spherical joint, and both manipulators 
have one passive leg installed between the base and the moving platform. The passive link 
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can only have linear motion on the middle platform, while the other end is connected to the 
moving platform by a universal joint, eliminating the rotation of the z-axis.  
 
1.2.3 The Organization of the Thesis 
Chapter 2 presents the concept design for the novel 3-DOF Micro-Motion Parallel 
Manipulators. Specifically, several concepts detailing kinematic structure development are 
addressed. Subsequently, Chapter 3 focuses on the kinematic analysis of the 3-DOF Micro-
Motion Parallel Manipulator with a passive leg, and Chapter 4 discusses the kinematic 
analysis of the 3-DOF Actuation Redundant Micro-Motion Parallel Manipulator. Next, 
Chapter 5 describes the optimization result of these two 3-DOF Micro-Motion Parallel 
Manipulators. Chapter 6 presents the simulations, comparisons and the results of Finite 
Element Analysis, as well as the result of Velocity and Acceleration Analysis. Finally, 
Chapter 7 highlights the most important conclusions and observations of the study and 





Chapter 2  
The Novel Three Degrees of Freedom 
Micro Motion System 
 
2.1 Description of the New Micro-Motion 3-DOF 
Parallel Manipulators 
Two types of micro-motion 3-DOF parallel kinematic manipulators are proposed in 
this thesis: one kind contains three active links, and the other has four active links, which is 
known as a redundant parallel manipulator. Both manipulators have a passive link that is 
connected by a moving platform and a fixed base. Their active links are manipulated by a 
high-precision ball screw that controls linear motion units and provides high speed as well as  
a rapid response for the moving platform. Accordingly, Figures 2.1 and 2.2 represent two 3-
DOF novel parallel manipulator CAD models.  
The first 3-DOF parallel kinematic manipulator, known as 3-DOF PKM, is shown in 
Figure 2.1. This manipulator consists of four kinematic chains, including three actuated 
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moving links with an identical topology, and one passive constraining link connecting the 
fixed base to a moving platform. The three actuated moving links are designed as PUS 
(Prismatic - Universal – Spherical) Joints. The passive constraining link, which connects the 
base center to the platform center, consists of a prismatic joint and a universal joint attached 
to the moving platform. This last leg is used to constrain the motion around the z-axis 
rotation of the platform to only three degrees of freedom.  
 
 
 Figure 2.1: 3-DOF Micro Motion Manipulator Model  
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The second type of unique manipulator is an actuation redundant 3-DOF parallel 
manipulator, as shown in Figure 2.2. It consists of five kinematic chains, including four 
actuated moving links with an identical topology, and one passive constraining link 
connecting the fixed base to a moving platform. The moving platform has two rotations, 




Figure 2.2: 3-DOF Micro Motion Manipulator with Actuation Redundancy 
These two proposed models can be utilized for many practical applications, since 
their design is very flexible. For example, the size and the shape of the moving plate and the 
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base may have to be changed depending on the actual use, and the active driving motors or 
actors can also be modified for the installation. The following figures depict two examples of 















Figure 2.4: Derivation of CAD Model (Four Legs) Redundant Structure 
2.2 Advantages of the New Micro-Motion Parallel 
Manipulator  
 High degree of stiffness 
 Functions in extremely difficult work environments, including high 
temperature, high humidity and intense vibration, where compliant structures 
cannot be used 
 High speed and fast response 
 Easily controlled 
 Requires minimal maintenance 
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2.3  CAD Modeling Descriptions 
As previously discussed, this thesis presents two types of models:  the 3-DOF Micro-
Motion Parallel Manipulator, which has three identical action links, or legs, and the 3-DOF 
redundant Micro-Motion Parallel Manipulator, which has four identical action links, or legs. 
Also, both models contain one constraining link, or passive leg. The diagram below 
demonstrates the first model, the 3-DOF Micro-Motion Parallel Manipulator. The 
components that have the same name in the 3-DOF Micro-Motion Redundant model have the 
same function as those in the 3-DOF Micro-Motion Parallel Manipulator.
 
Figure 2.5: CAD Model with Components Description 
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 In Figure 2.5, the micro-motion manipulator contains a base platform, an end-
effector, or moving, platform, and three identical actuated links that are controlled by the 
motor through ball screws and the driving block. The actuated link is connected at one end 
with a driving block, which slides on a guide-way. At one end of the link is a universal joint,  
and at the other end of the link is a spherical joint, which is connected to the end-effector 
platform. Additionally, three triangular blocks are arranged in 120-degree intervals around 
the axis of the base platform. Depending on the application, the end-effector may be attached 
to the end-effector platform, which is located at the bottom of the link mechanism. 
 
2.4 Potential Applications 
The newly-developed micro-motion manipulators have accomplished increasingly 
demanding tasks in fields where high speed and high precision are required. They can be 
modified for utilization as machine tool heads, and the tool heads can be attached to existing 
systems, such as CNC machines, robots and CMM, to expand their motion range and their 
dexterity [11, 26]. 
Hence, based on the design of these structures, this 3-DOF micro-motion manipulator has 
been constructed with a 50 mm stroke along the z-axis and a 50° rotation on the x-axis and 
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the y-axis. They also have a 125mm moving platform diameter and a 250mm base platform 
diameter; however, these specifications can be modified according to the individual 
requirements. 
Some potential applications include: 
 Watch industry  
 Assembly of micro-motors  
 Assembly of micro-sensors  
 Assembly of micro-technological devices  
 Packaged system   
 Micro-optical benches  
 Biological cell manipulation  
The following figure shows the manipulator being utilized as a CNC Machine in high 











Kinematic Modeling of the 3-DOF 
Micro Motion Manipulator 
 
3.1 Kinematics Modeling 
Unlike most existing 3-DOF parallel kinematic manipulator designs, the new design 
has improved the system’s stiffness by using a passive leg which was connected  the moving 
plate with a universal joint in the center of the moving platform [19, 20]. This design also 
eliminated the coupled motions at the reference point to simplify the kinematic model and the 
control. 
As shown in Figure 3.1, this parallel manipulator includes a universal joint in the 
passive link. It is located on the moving platform rather than the base platform so that the 
motions along X and Y translations and Z rotation are eliminated. 
The reference point is on the middle of the moving platform, which has uncoupled 
motion with X and Y rotations and Z translation. The proposed manipulator has three 
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platforms: base platform , middle platform , and moving platform . 
The base platform is fixed on the ground. The middle platform is used to support guide-
way  of actuated links  .The moving platform is used to mount a tool. Actuated 
links   are connected to the moving platform by a spherical joint (ball joint) at , and to 
a slider connected to the active ball screw by a universal joint at . The passive link is 
installed between the middle platform and the moving platform. The passive link with a 
prismatic joint is fixed on the middle platform at one end, and connected to the end-effector 
platform by a universal joint at the other end. 
 
 
Figure 3.1 Schematic Model of 3 –DOF Micro Motion Parallel Manipulator Model 
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The following parameters define the details of the structure: 
 the angle  ( i=1,2,3) between  and   , 
 the angle  ( i = 1,2,3)  between  and   , 
 the distance from     on the base platform is  , 
 the distance from      at the end-effector platform is   , 
 the angle of a guide-way γ, 
 the length of an active link   , and 
 the offset of the spherical joints on the platform  . 
To describe the structure of the 3-DOF manipulator, two coordinate systems, 
  and , are established, which are attached to the end- effector 
and base platform, respectively. For the origin  of the end-effector, its translational 
motions along  and , and rotational motion along , are eliminated because of the usage 












Therefore, the motions of  can be denoted by , , , where  and  are the 
rotational motions along  and  , and  is the translational motion along . The position 
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 (3-2) 
 Where 
C, S  are denoted the cosine and sine functions, respectively, 
   is the pose of the end-effector with respect to the coordinate 
system   
RP  is the 3×3 orientation matrix of the end-effector, 
 PP  is the location of . 
 
3.2 Inverse Kinematics 
The inverse kinematics is formulated by finding the joint motions when the pose of 
the end-effectors    is known. The joint motions are denoted by  and the pose of the end-
effector    is determined by the motions of   , ,  .  To solve the inverse 
kinematic problem, one can apply the condition that the length of a support bar is constant.  
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In Eq. (3-3),   is the offset of the spherical joint with respect to coordinator system 
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  Since the active links have a fixed length, then it can be shown that 
 
  O P O B B D D P 1,2,3b b ii i i i i i     (3-5)  
Eq.(3-5) can be yielded  
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Here,   represents the angle of the guide-way, and assuming there is only linear 
motion in the linear actuator of each active link, and the active link is a two-force component, 
only axial deformation occurs.  
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The twist of the platform can be defined as 
 
T TT T x y zzx y p p p            t ω p
  (3-9) 
Here, we have 
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J Jp i  (3-12) 
 
3.3 Forward Kinematics 
The direct kinematics problem will solve the pose of the end-effectors    when the 
joint motion   , , ,  is known. The solution of direct kinematic problem can also be 
derived from Eq. (3-3). Currently the motions of the end effectors  , ,   are unknown 
and the joint motion   , , ,   is given. To solve the direct kinematic problem, 
 and  could be represented by  
Therefore, Eq. (3-13) can be deduced from Eqs. (3-6) and (3-7) 
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Where the coefficients F ~ L are functions of , expressed by 
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It can be observed that Eq. (3-13) includes three independent equations. Thus, two 
independent equations Eqs. (3-15) and (3-16), have been derived. The other one can be 
derived by substituting Eqs. (3-15) and (3-16) into any items in Eq. (3-6). For example, the 
equation when i = 1 is 
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 The direct kinematic problem is solved for the given design, then Eqs. (3-19) and (3-
20) should possess a common solution of  . Based on Bezout’s method, the following 
condition should be satisfied: 
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  (3-22) 
Eq. (3-22) becomes an equation for  when the joint motion   is given. If Eq. (3-
22) is converted using the standard transformation formula, 
      2 2 21 / 1 , 2 / 1 , tan / 2x x xC t t S t t t         
   
Then it is a polynomial equation with an order of 40. 
After  is obtained from Eq. (3-22),    and  can be calculated sequentially from Eqs. 
(3-19), (3-20) and Eqs. (3-15) and (3-16). 
36 
 
3.4 Jacobian Matrix 
Each of the kinematic chains connecting the base to the platform can be taken as a 
serial mechanism and a Hooke joint can be replaced by two orthogonal revolute joints in the 
present study. 
Presented in Figures 2.4 and 2.5, this three-degree-of-freedom mechanism consists of 
four kinematic chains, including three variable length legs with identical topology and one 
passive constraining leg, connecting the base to a moving platform. In this 3-DOF parallel 
mechanism, the kinematic chains associated with the three identical legs (links) are 
connected to the base platform with a universal joint, an actuated prismatic joint and a 
spherical joint attached to the moving platform. The fourth chain connecting the fixed base 
center to the moving platform center is a passive constraining leg and has a different 
architecture from the other three identical chains. It consists of a prismatic joint attached to 
the fixed base and a universal joint attached to the moving platform. This last leg is used to 




 The parallel mechanism we studied comprises two main components, namely, the 




Figure 3.2 D-H Coordinate Frames for the Passive Constraining Leg [19] 
Since the passive constraining leg is a 3-DOF open loop chain, its posture can be 
completely described by three joint variables, and they can be denoted as 
,  and Z, Note that the universal joint is equivalent to two intersecting revolute joints. 
Figure 3.2 illustrates the configuration of the passive leg, from Figure 3.2 we can 




i     
0 0 0 0 0 
1 0 Z 90° 0 
2 0 0 90°  
3 0 0 0  
 
Table 1: DH Parameters for the Passive Constraining Leg of 3-DOF Mechanism 
 
Considering the passive constraining leg, for 3-DOF mechanism we can write 
1 1 ,   3n n n   J θ t

 (3-23) 
Where  is the twist of the platform, with  the angular velocity of the platform 
and 
n+1 n+1,1 n+1,nθ = θ θ  
  
 (3-24) 
is the joint velocity vector associated with the constraining leg. Matrix   is the Jacobian 
matrix of the constraining leg considered as a serial n-DOF mechanism, which can be 





















  (3-25) 
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Here ir  is the vector connecting the origin of frame ib  to the origin of the platform 
frame. It is important to note that if the    pair is a revolute joint, then the    column 










On the other hand, if the   pair is a prismatic joint, then the   and the   
links have the same angular velocity, for a prismatic joint does not have any rotation, then the  









Here if we take base frame as frame 0, and defined 0, 0, and then  
 
4 0
= 1Q  (3-28) 
Where  is the rotation matrix from the fixed reference (base-platform) to the passive leg 
and then we have 
 
41 4040
= Qe e  (3-29) 
 
41 4040 41
= Q Qe e  (3-30) 
 
42 4040 41 42
= Q Q Qe e  (3-31) 
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And the position vectors can be expressed as following 
 
41 41 42 4340 40 41 40 41 42
= + +Q Q Q Q Q Qa a ar  (3-32) 
 
42 42 4340 41 40 41 42
= +Q Q Q Q Qa ar  (3-33) 
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And here  
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So A and B are denoted as the 3 3 matrix defined as  
  A  4 2 4 30 e e  (3-39) 
  B   42 4341 42 43e e er r  (3-40) 
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4J   (3-41) 
According to the principle of virtual work, we have 
 T Tτ ρ w t  (3-42) 
Here τ  is a vector of the actuator forces applied at each joint and w is the wrench, 
which is the torque and force, applied to the moving platform. It is assumed that no 
gravitational forces act on any of the intermediate links. Consequently, we have 
   where n and f are respectively the external torque and force applied to the 
platform. 
Rearranging Eq. (3-9) and substituting it into Eq. (3-42), we obtain 
 T T
P J t twτ  (3-43) 
Now, substituting Eq. (3-35) into Eq. (3-43), we have 
 4 4 4 4
T T
p
J J θ J θwτ    (3-44) 
The latter equation must be satisfied for the arbitrary values of 4θ  and hence, we can write 
  4 4
T T
p  J J J w  (3-45) 
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The latter equation relates the actuator forces, which are applied to the end-effector in 
static mode, to the Cartesian wrench w. Since all links are assumed to be rigid, the 
compliance of the mechanism will be induced solely by the compliance of the actuators. An 
actuator compliance matrix, C, is therefore defined as 
  C τ ρ  (3-46) 
Where τ  is the vector of the actuated joint forces and ρ  is the induced joint 
displacement. Matrix C is a (3x3) diagonal matrix whose  diagonal entry represents the 
compliance of the   actuator. 





 J J Jτ w  (3-47) 





  C J J Jρ w  (3-48) 
Moreover, for a vector representing minor displacement, ρ , Eq. (3-48 )can be written as 
   Jρ c  (3-49) 





   c p α  (3-50) 
Here, α  is the change of orientation, 
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 ( )Tv e c t α Q Q  (3-51) 
Here Q  is the variation of the orientation and ( )Tvect QQ  is the linear invariant 
vector of its matrix. 
Similarly, for small displacements, Eq. (3-35) can also be written, as 
 4 4  J θ c  (3-52) 
Here 4θ  is a vector representing minor variations of the passive leg’s joint coordinates. 
Substituting Eq. (3-49) into Eq. (3-48), 
 4 4( )
T T
p p
 J C J J Jc w  (3-53) 
Substituting Eq. (3-52) into Eq. (3-53), 
 
4 4 4 4( )
T T
p p
 J J θ C J J J w  (3-54) 
Then, multiplying both sides of Eq. (3-54) by 14 )(
JJ ,  
 14 4 4 4( ) ( )
T T
p p
  θ J J C J J J w (3-55) 
and finally, multiplying both sides of Eq. (3-55) by 4J , 
 14 4 4 4( ) ( )
T T
p p
   J J J C J J J wc  (3-56) 
Hence, the Cartesian compliance matrix becomes 
 1
4 4 4 4
( ) ( ) T T
p pc




 c  C wc  (3-58) 
Here cC  is a symmetrical, positive, semi-definite (6x6) matrix, as expected.  
 
3.5 Stiffness Modeling 
Stiffness is one of the most important consideration facts in the design of parallel 
kinematic manipulator. After we get the stiffness result of the structure, the next step is 
design optimization.  The stiffness of a parallel kinematic manipulator is given by its system 
stiffness matrix. As in the stiffness model of this PKM, we consider the structure frames and 
the links are rigid bodies, so the Cartesian stiffness matrix K c  is opposite the Cartesian 
compliance matrix cC . So from the Eq. (3-57) we got following: 
 
 In this case we fixed the moving platform in certain angle in x –axis, and use the design 
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 30° 90° 150° i  1,2,3 
 30° 90° 150° i  1,2,3 
 50 mm  
 25 mm  
 120 mm i  1,2,3 
 50°  
Spherical Joint 40° 40°  
Universal Joint 50° 50°  
Prismatic Joint 
Passive Link  
50 mm  
 
Table 2 Three Action Legs Kinematic Parameters 
 
 




Figure 3.4 Stiffness in X axis (b) 
 




Figure 3.6 Stiffness in Y axis (a) 
 




Figure 3.8 Stiffness in Y axis (c) 
 




Figure 3.10 Stiffness in Z axis (b) 
 




From above stiffness mesh graphs, Figure 3.3 to Figure 3.5 show the stiffness in X 
axis with different view angle, same as Figure 3.6 to  Figure 3.8 shows the stiffness in Y axis. 
Figure 3.9, Figure 3.10 and Figure 3.11 shows the stiffness in Z axis.  For stiffness in X axis, 
one can conclude that stiffness is decreased when the magnitude of Z coordinates increase, 
and also stiffness is symmetrical along the Y axis. For stiffness in Y axis, it reaches the 
maximum values at absolute 1Y    point, and has symmetry along Y axis. Also the 
maximum points are located at Z coordinate's small value point. For the stiffness in Z axis, 
the main change of the stiffness is along with Z coordinate, there is not much change when X 
and Y value change. 
This parallel kinematic manipulator (PKM) with three active kinematic chains and a 
passive leg has improved precision and stiffness maps by:  
 Providing drive and actuation of each active kinematic chain by devices secured 
rigidly to a support structure so that only a fixed length leg of the chain is 
suspended. 
 Driving the fixed length leg of the active kinematic chain to move in a direction 
oblique to a direction of the fixed length leg. 
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 Providing a prismatic jointed leg that is rigidly secured to the base structure and 






Kinematic Modeling of 3-DOF Micro 
Motion Manipulator with Actuation 
Redundancy 
 
4.1 CAD Modeling of the 3-DOF Micro Motion 
Manipulator with Actuation Redundancy  
The word redundant is commonly used to mean "exceeding what is necessary or 
normal”, or extra what they needs. There are mainly two different types of redundancy for 
parallel manipulators: a) kinematic redundancy and b) actuation redundancy. A parallel 
manipulator is to be said to be kinematic redundant manipulator when mobility of the 
mechanism is greater than the required degrees of freedom of the moving platform. On the 
other hand, a parallel manipulator is called redundantly actuated manipulator when the 
number of actuators is great than the mobility of the mechanism. It is believed that 
redundancy can improve the ability and the performance of parallel manipulator [27] and 
53 
 
[28]. The reason we used the redundant mechanisms is that it can solve the singularity 
problem, and improve the stiffness of the structure. 
In the chapter 3 we have solved the kinematic problem of 3-DOF micro motion 
parallel manipulator. In this chapter, we will follow the same procedure, and go on to discuss 
parallel manipulator which has actuation redundancy. Normally actuation redundancy is only 
applied to the closed-link mechanisms. However, singularity is a common problem in parallel 
mechanisms. We will show that the behavior of singularity of parallel mechanisms can be 
more complicated than that of serial ones. However, it is not clear whether singularity will 
bring problems to kinematics, dynamics or other characteristics and what the result will be 
when parallel mechanisms fall into the neighborhood of a singularity. Thus, we propose that 
the greatest advantage of actuation redundancy is avoiding the singularity of the parallel 





Figure 4.1 3-DOF Micro Motion Manipulator with Actuation Redundancy  
 Compared with the 3-DOF parallel manipulator with passive leg, the architecture of 
3-DOF redundant actuator parallel manipulator with passive leg is shown in Figure. 4.1. This 
manipulator is composed of a moving plate, a fixed base, 4 limb links with identical 
kinematic structures and 1 passive limb. The 4 limb links are arranged in 90 degree intervals 
on the guide way and are connected with the driving block by a universal joint and a 
spherical joint attached to the moving plate. A linear actuator drives each prismatic joint. The 
5th leg (middle leg) connects the fixed base to the moving plate by a prismatic joint followed 
by a universal joint. The connectivity of the 5th leg is equal to three. Therefore, it provides 
three constraints on the moving plate. We called the 5th leg a passive leg because it is not 
driven by any actuator.  
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As shown in Figure 4-1, this parallel manipulator include the universal joint of the 
passive link, located on the moving platform rather than the base platform, so the motions 
along x and y translations and  Z rotation are eliminated. 
As in the previous chapter, the reference point on the moving platform has uncoupled 
motion with X and Y rotations and Z translation. The proposed manipulator has three 
platforms: base platform , middle platform  , and moving 
platform . The base platform is fixed on the ground. The middle platform is used to 
support guide-way  of actuated links  .The moving platform is used to mount a tool. 
The passive link is installed between the middle platform and the moving platform. Actuated 
links   are connected to the moving platform by a spherical joint (ball joint) at , and to 
a slider connected to the active ball screw by a universal joint at . The passive link with a 
prismatic joint is fixed on the middle platform at one end, and connected to the end-effector 
platform by a universal joint at the other end. 
 Following parameters define other details of the structure: 
 The  angle  ( i =1,2,3,4) between  and   , 
 The angle  ( i=1,2,3,4)  between  and   , 
 The distance from     on the base platform is  , 
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 The distance from      the end-effector platform is   , 
 The angle of a guide-way γ, 
 The length of an active link   , and 
 The offset of the spherical joints on the platform  . 
As shown in Figure 4.2, we also use same two coordinate systems,   
and , which are attached to the end-effector and base platform, respectively. 
For the origin  of the end-effector, its translational motions along  and , and rotational 













4.2 Inverse Kinematics 
The position vector of points of and i iP B  with respect to the coordinate frames
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Where ar  and br are the length of the iO P  and 
'  iOB , respectively, angle i  is 
measured from the x axis to the line iO Pand is equal to the x axis to the line 
'
iO B  , 
0°, 90°, 180°, 270°  1,2,3,4  . 
To facilitate the analysis, a position vector,  is used to define the position 
of the moving platform, 
 , ,
T
x y zp p p   BP  (4-2) 
  
And a rotation matrix, PBR , is used to define the orientation of the moving platform with 
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Where   ,  ,  denote three successive rotations of the moving frame about the fixed 
x, y and z axes. 
Combining (4-2) and (4-3), we obtain a 4  4 transformation matrix 
P













Hence the six variables, denoted as , , , , ,
T
x y zp p p      P , completely define the 
position and orientation of the moving platform.  
Following the Eq. (3-5), for the actuation redundant parallel manipulator, it has 4 actuation 
legs. So Eq. (3-5) can be written as:  
  O P O B B D D P 1, 2,3, 4i i i i i ib b i     (4-5) 
Eq. (4-5) can be yielded  
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Now Eq. (4-6) can be differentiated as following: 
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The twist of the platform can be defined as 
  
T TT T
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Here, we have 
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4.3 Jacobian Matrix 
The actuation redundant parallel manipulator has the same constraining leg as the 
kinematic redundant parallel manipulator, so the passive leg Jacobian can be used directly 
here. Based on the Eq.(3-37), we have  
 42 43
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According to the principle of virtual work, we have 
 
T Tτ ρ w t  (4-14) 
Since all links are also assumed to be rigid, the compliance of the mechanism will be 
induced solely by the compliance of the actuators. An actuator compliance matrix, C, is 
therefore defined as 
 Cτ ρ  (4-15) 
Where τ  is the vector of the actuated joint forces and ρ  is the induced joint 
displacement. Matrix C is a (4x4) diagonal matrix whose ith diagonal entry represents the 
compliance of the ith actuator. 
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Then the Cartesian compliance matrix becomes (Eq.(3-57)) 
 
 14 4 4 4( ) ( )p p
T T
c
 C J J J C J J J  (4-16) 
with  
 c c C w  (4-17) 




4.4 Stiffness Modeling 
In order to compare between the two parallel kinematic manipulators, the same 
parameters have been used in this thesis to calculate their stiffness. We also fixed the moving 
plate in x axis certain angle and got the stiffness results in X, Y, and Z coordination 
directions. 
 
 0° 90° 180° 270° i  1,2,3,4 
 0° 90° 180° 270° i  1,2,3,4 
 50mm  
 25mm  
 120 mm i  1,2,3,4 
 50°  
Spherical Joint 40° 40°  
Universal Joint 50° 50°  
Prismatic Joint 
 Passive Link  
50 mm  
 
Table 3  Redundant 3-DOF Mechanism with the Passive Leg Kinematic Parameters 
 
In the following stiffness mesh graphs, Figure 4.3 to  Figure 4.5 show the stiffness in 
X axis with different view angle, same as Figure 4.6 to Figure 4.8 show the stiffness in Y 
axis. Figure 4.9 to Figure 4.11 show the stiffness in Z axis. One can conclude that for the 
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stiffness in X axis, it is decreased when the magnitude of Z coordinate increases, and also the 
stiffness is symmetrical along Y axis. For the stiffness in Y axis, it got the maximum value at 
Z = 0 point, and symmetry along Y axis. For the stiffness in Z axis, the stiffness changed 









Figure 4.4 Stiffness in X axis (b) 
 




Figure 4.6 Stiffness in Y axis (a) 
 




Figure 4.8 Stiffness in Y axis (c) 
 




Figure 4.10 Stiffness in Z axis (b) 
 




From above the stiffness mesh graphs in X (Figure 4.3 to Figure 4.5) and Y (Figure 
4.6 to Figure 4.8),  one can concluded that the stiffness is symmetrical in the Y axis direction, 
and Figure 4.9 to Figure 4.11 show that the stiffness is decreasing along z direction when the 
moving plate moves up. In addition, when 0, the diagrams show the maximum stiffness 
point, while it has a big change with varied rotation angles. That means that the position and 
angle of the moving platform are the main factors to determine the stiffness. The peak value 
of the stiffness of this redundant structure is the moving platform at Z axis lowest value point. 
By comparing the stiffness mesh graphs with that of non redundant in last chapter. It 
is observed that the actuation redundancy has improved the stiffness of the 3-DOF micro 
motion parallel manipulator based on the same conditions (same overall size and actuation 








Chapter 5  
Design Optimization 
 
5.1 Introduction of Optimization Methods 
The Genetic Algorithm (GA) is an excellent method for solving both constrained and 
unconstrained optimization problems.  This algorithm repeatedly modifies a population of 
individual solutions based on the principle of natural selection. In each step, the Genetic 
Algorithm selects random individuals from the current population as parents and uses them 
to produce children for the next generation. Throughout each generation, the population 
progresses towards an optimal solution. The Genetic Algorithm can be applied to solve a 
variety of optimization problems, including problems where the objective function is linear, 
nonlinear, continuous, discontinuous, differentiable and non-differentiable.  
The advantages of the Genetic Algorithm (GA) can be summarized as follows: 
 Optimizes with continuous or discrete variables 
 Does not require derivative information 
 Simultaneously searches from a wide sampling of the cost surface 
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 Deals with a large number of variables 
 Is appropriate for parallel computers 
 Optimizes variables with extremely complex cost surfaces, especially variables that 
can jump out of a local minimum 
 Provides a list of optimum variables rather than just a single solution 
In this thesis, the GA is used for optimizing the global stiffness of the 3-DOF micro-











5.2 Implementation of Optimization  
5.2.1 Optimization of 3-DOF Micro Motion Parallel  
Manipulator  
 
n this thesis, the stiffness of a parallel manipulator is expressed by a 3 × 3 matrix. In 
this case, the GA is applied for optimizing the global stiffness (val) of the micro-motion 
parallel manipulator. The diagonal elements of the parallel manipulator stiffness matrix 
represent the manipulator’s pure stiffness in each direction [20] (Zhang 2000). To obtain the 
maximum stiffness in each direction, the following objective function, which is called the 
fitness function for the GA, is used. 
 11 22 33val k k k    (5-1) 
where   ( 1, 2, 3)k iii   represents the diagonal elements of the 3-DOF parallel manipulator’s 
stiffness matrix. Subsequently, the next objective is to maximize val in the GA. 
Parameters need to be set up before the GA is utilized. First, the fitness function, 
which is the function of the objective being optimized, should be created. In this case, the 
fitness function is represented in Eq. (5-1). In order to maximize f(x), -f(x) can be minimized, 
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since the point at which the minimum of -f(x) occurs is the same as the point at which f(x) is 
maximized. 
Secondly, the number of variables should be determined.  In this structure, there are 
three design parameters, which are considered to be the optimization variables. Specifically, 
they include the length of the leg “l”, the dimension of the end-effectors “r ” and the base 
dimension“r ”. Furthermore, these values in Eq. (5-2) also contribute to the val . Therefore, 
the vector of optimization variables is 
[ , , ]a br r l  (5-2) 
and their bound conditions are  
[18.75, 31.25] mm, [37.5, 62.5] mm, l[90, 150] mm, 
 The following figure displays a plot of the best and the mean values of the fitness 
function at each generation. The points at the bottom of the plot denote the best fitness values, 
while the points above them denote the mean of the fitness values in each generation. Also, at 










Fig 5.1: The Optimization Result for the 3-DOF Micro Motion Parallel Manipulator 
with the Genetic Algorithm  
The optimal parameters are obtained after approximately 18 generations, and the 
result is expressed as:  
 [ , , ] 21.75 ,59.50 ,90.00a br r l mm mm mm  
With the suggested optimal design value for the length of the leg and the size of the 
base and moving plate, the maximum global stiffness of this structure was obtained:  
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 30° 90° 150°   i = 1,2,3 
 30° 90° 150°  i = 1,2,3 
 25.00 mm 21.75mm  
 50.00 mm 59.50mm  
 120.00 mm 90.00 mm i = 1,2,3 
 50°   
Spherical Joint 40° 40°   
Universal Joint 50° 50°    
Prismatic Joint 
(Passive Link) 
50 mm   
 
Table 4: The Optimization Results of 3-DOF Micro Motion Parallel Manipulator  
In this case, the optimization parameter can be rounded as the following: 




5.2.2 Optimization of 3-DOF Micro Motion Parallel 
Manipulator with Actuation Redundancy 
With this structure, the same concept was used as with the 3-DOF micro-motion 
parallel manipulator in the previous section.  The diagonal elements of the matrix represent 
the pure stiffness of the 3-DOF micro-motion parallel manipulator with actuation redundancy 
in each direction [20]. To obtain the maximum stiffness in each direction, the following 
objective function, which is also called the fitness function in the GA, can be written, which 
yields   
11 22 33 44val k k k k     (5-3) 
where  ( 1, 2, 3,4)k iii   represents the diagonal elements of the PKM’s stiffness 
matrix.  The next objective is to maximize val in the GA. 
There are also three design parameters considered as optimization variables, 
including the length of the leg “l”, the dimension of the end-effectors “r ” and the base 
dimension“r ”. Additionally, these values in Eq. (5-2) also contribute to the val . Therefore, 
the vector of optimization variables is expressed as 
[ , , ]a br r l  (5-4) 
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And their bound conditions are  
[18.75, 31.25] mm, [37.5, 62.5] mm, l[90, 150] mm, 
 The following figure displays a plot of the best and the mean values of the fitness 
function at 22 generations. 
 
Fig 5.2: The Optimization Result for the 3-DOF Micro Motion Parallel Manipulator 
with Actuation Redundancy 
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 The optimal parameters are obtained after approximately 22 generations, and the 
result is expressed as the following:  
 [ , , ] 18.75 ,62.50 ,90.00a br r l mm mm mm  
With the suggested optimal design value for the length of the leg and the size of the 
base and moving plate, the maximum global stiffness of this structure is  







 0° 90° 180° 270°  i = 1,2,3,4 
 0° 90° 180° 270°  i = 1,2,3,4 
 25.00mm 18.75mm  
 50.00mm 62.50mm  
 120.00 mm 90.00 mm i = 1,2,3,4 
  50°   
Spherical Joint 40° 40°   
Universal Joint 50° 50°    
Prismatic Joint 
( Passive Link ) 
50 mm   
 
Table 5: The Optimization Results for  3-DOF Micro Motion Parallel Manipulator with 
Actuation Redundancy  
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For the actual size prototyping model, the optimization parameter of the redundant 
structure is expressed as: 
 [ , , ] 18.75 ,62.50 ,90.00a br r l mm mm mm  
 
5.3 Conclusions 
For the design optimization, the moving plate was fixed at a certain position, 
which meant that  , , and  were at a certain volume, in order to determine the 
dimensions of .  , and  and the maximum stiffness. Based on the positions of the 
moving plate, the outcomes were likely to vary. Tables 4 and 5 show the optimization 
results of the 3-DOF Micro-Motion Parallel Manipulator with 3 active legs and the 3-DOF 
Micro-Motion Parallel Manipulator with Actuation Redundancy, which has 4 active legs. 
These results demonstrated that with a similar design size, the stiffness of the redundant 





Chapter 6  
Simulation and Comparisons 
 
In this chapter, we conducted a Finite Element Analysis and a Dynamic Study. The 
purpose of the FEA and the Dynamic Study is to improve the design of the structures and to 
optimize the model size. 
 
6.1 Finite Element Method Analysis 
Finite element method (FEM) analysis plays an increasingly important role in 
engineering practice, as it is relatively inexpensive and efficient in comparison with physical 
experiments. Currently, FEM is utilized in almost all of the engineering fields, as it is a 
powerful tool in predicting the ultimate loads and the complex failure modes of 3-D 
structural members.  
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In this research, the purpose of FEM is to find the maximum and minimum stress 
points. This section examines the three-dimensional solid models, which are developed using 
Unigraphics NX6.  
For the FEM conditions, the reasonable press force of 25N was applied to the moving 
platform, and the maximum stress on the components was calculated. Subsequently, the 
result can be exported as the stress, strain or displacement of the specific part of the structure. 
In order to compare the two proposed structures, the geometric size of the manipulators was 







Figure 6.1: Moving Plate FEM Simulation of 3-DOF Micro Motion Parallel 
Manipulator with a Passive Leg 
 
 
Figure 6.2: Moving Plate FEM Simulation of 3-DOF Micro Motion 




Figure 6.3: Moving Link FEM Simulation of 3-DOF Micro Motion Parallel 
Manipulator with Actuation Redundancy 
 
 





Figure 6.5: Driving Block FEM Simulation of 3-DOF Micro Motion Parallel 
Manipulator with Actuation Redundancy 
 
 
Figure 6.6: Triangle Support FEM Simulation of 3-DOF Micro Motion Parallel 




For each manipulator, the same amount of force was applied to the moving platform, 
achieving the maximum displacement, or deformation, of the triangle support. For the 3-DOF 
micro-motion parallel manipulator, the triangle support resulted in a peak deformation of 
9.225e-004mm, whereas for the 3-DOF micro-motion parallel manipulator with actuation 
redundancy, the deformation was 3.170e-004mm. Furthermore, the deformation on the 
moving platform was obtained for each manipulator. In this case, the 3-DOF micro-motion 
parallel manipulator had a maximum deformation of 7.715e-0.003 mm, while the 3-DOF 
micro-motion parallel manipulator with actuation redundancy had a maximum deformation 
of 3.715e-005mm. Therefore, these results demonstrate that the 3-DOF micro-motion parallel 
manipulator with actuation redundancy is much more robust than the 3-DOF micro-motion 
parallel manipulator without redundancy. 
6.2 Velocity and Acceleration Analysis 
The dynamics of PKMs involve the science of studying the forces required to cause 
motion. To accelerate a PKM from rest to a desired speed, or to decelerate it from a certain 
speed to rest, a complex set of forces or torques must be applied by joint actuators. Therefore, 
finding the relationships between the accelerations, velocities and positions of the end-
effector and the joint forces is the main task in this dynamic analysis. These relationships can 
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be obtained by dynamic modeling, or more specifically, by finding the dynamic equations of 
motion. The equations generally serve two purposes for PKMs: control and simulation. When 
controlling a PKM in a desired motion, the actuator torques need to be calculated using the 
dynamic equations of motion. On the other hand, by rearranging the dynamic equations so 
that the accelerations and velocities are computed as the function of the actuator forces and 
torques, it is possible to simulate the way in which a PKM would move under the application 
of actuator torques. An understanding of manipulator dynamics is important from several 
different perspectives. First, it is necessary to properly define the size of the actuators and the 
other manipulator components. Without a model of the manipulator dynamics, it is difficult 
to predict the actuator force requirements, and, consequently, it is challenging to properly 
select the actuators. Second, a dynamic model is useful for developing a control scheme. 
With an understanding of manipulator dynamics, it is possible to design a controller with 
improved performance characteristics. Moreover, some control schemes, such as the 
computed torque controller, rely directly on the dynamic model in order to predict the desired 
actuator force used in a feed-forward manner. Third, a dynamic model can be used for a 
computer simulation of a robotic system. 
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In this section, we utilize Adams/View software to run the dynamic analysis. 
Generally, Adams/View is used to perform the kinematic and dynamic simulations of a 
multi-body mechanism. In this software, the motion of a rigid body is driven by motion at a 
joint. Because the inverse kinematics can be presented in closed form, the motions at the 
three prismatic joints between the slides and the three legs are defined and input according to 
the position equations (3-3) and (4-3). The simulation result of the actuator force can be 
output, and other kinematics and dynamic analysis, such as velocity, acceleration and 
kinematic energy, can also be shown in Adams/View. 
By applying Adams/View software to run the dynamic analysis, the displacement, 
velocity, acceleration and instantaneous rotation center of the platform for the parallel 
manipulator with three to four active links can be automatically solved and visualized, and 
the velocity and acceleration simulation structures of the parallel manipulators can be created 
similar to a 3-D sketch model. However, unlike a real 3-D solid model, when modifying the 
size of the active links, the configurations of the velocity and acceleration simulation results 
are varied accordingly, but all of the geometric and dimension constraints are always 




6.2.1 Velocity and Acceleration Analysis of 3-DOF 
Micro Motion Parallel Manipulator 
 
 
Figure 6.7: Adams/View Model of the 3-DOF Micro Motion  
Parallel Manipulator with Passive Leg 
In the following diagrams, several abbreviations are used to represent motion terms: 
Acc and Accel both represent acceleration.  
P and Pos both represent displacement. 
V and Vel both represent velocity. 
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 The following graphs are generated from Adams/View. In this simulation, 7 seconds 
and 200-step simulations produce 4 sets of curves for the first 3-DOF micro-motion parallel 
manipulator. Each graph represents a particular link or platform: Figure 6.8 is the result for 
Link 1, Figure 6.9 shows Link 2, Figure 6.10 demonstrates the result for Link 3, and Figure 
















Figure 6.11: Displacements, Velocity, and Acceleration of Moving Platform 
 
Figures 6.8 to 6.11 indicate the displacements, velocities and accelerations of the 3-
DOF micro-motion parallel manipulator. The velocity and acceleration curves for Links 1, 2, 
3 are similar, which is because they have an identical design and use the same actuators. 
Figure 6.11 shows the displacement, velocity and acceleration curves for the moving 
platform. Link 1 and Link 3 have the same magnitude and the same direction, whereas Link 2 
has the same magnitude as the other two links, but its motion is in the opposite direction. The 
resulting displacement of the moving platform caused by the 3 active links is a translation 




6.2.2 Velocity and Acceleration Analysis of 3-DOF 
Micro Motion Parallel Manipulator with 
Actuation Redundancy  
 
 
Figure 6.12: Adams/View model of the 3-DOF Micro Motion Parallel Manipulator 
with Actuation Redundancy 
The following diagrams use the abbreviations specified below: 
Acc and Accel both represent acceleration.  
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P and Pos both represent displacement. 
V and Vel both represent velocity. 
In this section, the Adams/View has been set at 7 seconds and 200 steps, and the 
simulations produce 5 sets of curves for the micro-motion parallel manipulator with actuation 
redundancy. Figures 6.13 to 6.16 show the displacement, velocity and acceleration of the 
four links respectively. Furthermore, the curves in Figure 6.17 provide information about the 








Figure 6.14: Displacements, Velocity, and Acceleration of Active Link 2  
 




Figure 6.16: Displacements, Velocity, and Acceleration of Active Link 4  
 
Figure 6.17: Displacements, Velocity, and Acceleration of Moving Platform 
Figures 6.13 to 6.17 indicate the displacements, velocities and accelerations for the 3-
DOF micro-motion parallel manipulator with actuation redundancy. The displacements, 
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velocities and accelerations for the four links are very similar, since the links contain an 
identical design and use the same actuators and these actuation links have been arranged in a 
symmetrical position.  
 The last graph shows the displacements, velocity and acceleration of the moving 
platform. While the velocity and acceleration of the moving platform is similar to that of the 
active links, the displacement is different, as it depends on the moving directions of the 
active links. The resulting displacement of the moving platform caused by the three active 
links is a translation about the z-axis and rotations about the x and y axes. 
The displacement, velocity and acceleration of both structures were compared, and 
these two sets of graphs indicate that both results are very similar. Specifically, the curves of 
the redundant structure are smoother than those of the non-redundant structure, and the 
results of the redundant structure also show that decreasing the acceleration will reduce the 









Chapter 7   
Conclusions and Future Work 
 
7.1 Conclusions  
This thesis proposes two newly developed micro-motion 3-DOF parallel manipulators: 
one of which is a 3-DOF micro-motion parallel manipulator, and another which is the 3-DOF 
micro-motion parallel manipulator with actuation redundancy.  Throughout the thesis, the 
CAD models for the design have been created, the inverse kinematics for both structures 
have been analyzed, and the Jacobian matrix has been derived. Additionally, stiffness models 
and maps were presented, the optimization of global stiffness for the PKMs were performed 
and the optimal design parameters have been suggested. Finally, the Finite Element Method 
(FEM) analysis and the dynamic analysis have been performed for both structures. The 
conclusions can be highlighted as follows: 
The CAD models for both micro-motion 3-DOF parallel manipulators have been 
created with Unigraphics NX6. They are designed and developed to perform the translation 
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along the z-axis and rotations about x and y axes.  Their unique design eliminates side-effect 
motions, so that they only exhibit pure 3-DOF motions, and it improves the stiffness of 
mechanism by applying the passive link. Furthermore, the redundant structure eliminates the 
singularity deficiency in the system. Both inverse kinematics have been successfully 
examined, and the Jacobian matrix and velocity equations were fully derived. Lastly, the 
research is also demonstrated by the study of kinematic and dynamic models.  
The stiffness analysis section presents the stiffness models and mappings of the two 
proposed manipulators. In comparison with the stiffness mesh graphs and contour maps, the 
stiffness will increase as the z-coordinate value decreases. Specifically, it will reach its 
maximum where the z-value obtains the smallest point. Moreover, the stiffness mappings are 
symmetrical along the x or y axis due to the identical actuator links designs. 
For the optimization of global stiffness, the optimal parameters are obtained for the 3-
DOF micro-motion parallel manipulator after 18 generations, and the optimal parameters for 
the manipulator with actuation redundancy are obtained after approximately 22 generations. 
In comparing the optimal parameters of the two manipulators, we found these values are very 
close, except for the stiffness function Val, which is much larger for the redundancy structure. 
Therefore, it is evident that the redundancy structure is superior to the non-redundancy 
structure in terms of stiffness. 
98 
 
FEM analysis has been used to modify the design parameters in the research. The 
FEM result for the main components of the two structures produced the maximum stress and 
strain and the displacements or deformation. Additionally, these results demonstrated that at 
the maximum stress and strain conditions, the displacements of the main components for the 
redundant structure are much smaller than those for the non-redundant structure, thus 
concluding that the redundant structure is more effective than the non-redundant structure. 
The purpose of FEM analysis is to allow a modification of the parameters and to improve 
structure for future applications.  
Dynamics analysis is the science of studying the forces required for causing motion; 
it plays an important role in the trajectory generation and control of parallel robots. In the 
analysis of velocity and acceleration, the simulation results have been completed. The motion 
equations of the two 3-DOF micro-motion parallel manipulators are derived using the 
Lagrange Method for dynamic modeling, which can also be used for simulation and control 
purposes. With the simulation results, the actuator force can be output and other kinematics 
and dynamic analyses, such as velocity, acceleration and kinematic energy, can also be 




7.2 Future Work 
A prototyping model will be fabricated according to the optimization parameters. 
More detailed calculations of dynamics will be performed, and the control system needs to be 
designed and added to the framework.  In particular, Matlab and Adams/View can be used in 
dynamics studies to calculate the actuator force and other kinematics and dynamic 
parameters. The enhanced structure optimization and some of the engineering drawings will 
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